Protein crystals isolated from potato tubers were found to consist of a proteinase inhibitor active against the cysteine proteinases papain, chymopapain, and ficin. The molecular weight as determined by gel filtration at pH 43 or by gel electrophoresis in the presence of dodecylsulfate was 80 kilodaltons. When the inhibitor was evaluated at pH 8.4 in a linear concentration (4-30% polyacrylamide) under nondenaturing conditions, it appeared as two bands of approximately 320 to 350 kilodaltons indicating that the inhibitor forms tetrameric aggregates in neutral or weakly alkaline media, while the monomeric form predominates under acidic conditions. Gel filtration in the presence of varying amounts of papain suggested that the monomer combines with four papain molecules. The inhibitor contains no cystine.
Protein crystals that occur naturally in potato tubers were earlier isolated and in part characterized (13) . Such crystals have long been known to exist in potato tubers (6) , and their occurrence, development, and distribution in tubers and leaves have been reported (11, 12) . The crystals occur primarily in the subphellogen layer, but sometimes are found throughout the tuber. The crystals vary in size from 5 to 25 Asm and usually have a cuboidal shape, although one sometimes can find twin crystals and crystals of prismoidal shape. They normally occur singly in cells and apparently are present from the very earliest stages of tuber development until the onset ofsprouting. Crystals are more numerous in the presence of viral infection (7), but microquantities of isolated crystals proved noninfectious and failed to give a positive response when tested serologically (8) . Marinos (19) observed that the crystals occur in the cytosol and are surrounded by a single-layer membrane.
The presence ofa sulfhydryl proteinase inhibitor in the crystals was documented some years ago (27) . The work has been repeatedly cited (26, 29) although the data have not been previously published. A sulfhydryl proteinase inhibitor from mung bean cotyledons has been partially characterized (5) and a family of low molecular polypeptides inhibitor to bromelain has been isolated from pineapple stem (24) . Rele et al. (25) (10) prior to hydrolysis for determination of the sulfur amino acids. Tryptophan was determined colorimetrically according to OpienskaBlauth et al. (23) .
Enzyme Assays and Inhibition Studies. Proteolytic activity and the gross effects of the inhibitor were assayed by the milkclotting assay according to Aldrich and Balls (2) , by the casein digestion method of Kunitz (14) as modified for sulfhydryl proteinases by Amon and Shapira (4), with hemoglobin as a 3 Abbreviation: BAEE, benzoyl-L-arginine ethyl ester. substrate (30) , or with azocoll as directed by the supplier (Calbiochem). The esterolytic activity of papain, chymopapain, and ficin was determined by potentiometric titration of BAEE.
Molar ratios for the enzyme-inhibitor complexes were obtained by titration of the enzyme with the inhibitor and calculated at the 50% activity level according to Vogel et al. (32) . Quantitative relationships were established based on an absorptivity at 280 nm of 1.20 ± 0.06 ml mg-' cm-' determined gravimetrically.
Gel When the dialysis was performed against a phosphate buffer of pH 6.0, relatively large, well formed crystals developed at a much slower rate over-night (Fig. lb) .
Recrystallization resulted in a preparation that gave a single protein band on SDS-PAGE with an estimated mol wt of 80,000 (Fig. 2) . The presence of numerous minor bands, as reported earlier (13) was found to stem for trace proteolytic activity activated in the presence of SDS. These bands were evidently fragments of the main band since they were not found in SDS preparations that were properly heat denatured before electrophoresis.
The recrystallized protein contained no cystine, but substantial amounts of lysine and tryptophan were present (Table I ). There were no significant differences between the amino acid composition of this preparation and that of native crystals (the 'crude' preparation) or protein obtained after precipitation at the isoelectric point (pH 5.8).
Inhibitory Activity. The protein was evaluated for proteinase inhibitor activity against several proteinases of bacterial, fungal, plant, and animal origin (Table II) . Inhibitor activity was demonstrated against the sulfhydryl proteinases papain, chymopa- (Fig. 3) indicated that the inhibitor formed a complex with papain with a molar ratio of 1:4. The calculations that led to this conclusion were based on the inhibitor/enzyme mass ratio at the 50% inhibition level. The mol wt of the inhibitor was assumed to be 80,000 in these calculations.
The inhibition curve data for ficin and chymopapain were considered less reliable than those of papain since these other enzymes did not have as high a degree of purity as papain. No attempt was therefore made to calculate the stoichiometry of their inhibitor complexes.
Gel permeation experiments at pH 4.5 provided independent support for the papain-inhibitor complex ratio. As the ratio of enzyme to inhibitor was progressively increased (Fig. 4, a-c) , it was clearly evident that the size of the complex also increased (theelution volume decreased). Addition ofexcessenzyme finally resulted in the appearance of a new peak with an elution volume identical to that of papain (Fig. 4d) . Calculation based on the 280 nm absorptivities of papain, the inhibitor, and the papaininhibitor complexes resulted in values of papain-inhibitor ratios (Table III) in agreement with a 1:4 molar ratio. The mol wt of the inhibitor as estimated by the elution volume according to Andrews (3) was 87,000, in fair agreement with the determination by SDS-PAGE.
Further evidence for the formation of association products between the inhibitor and papain was provided by electrophoresis under nondenaturing conditions (Fig. 5) . The inhibitor, which separated into two distinct protein bands by electrophoresis at pH 8.9 (Fig. 5A) (Fig. 5A, lane 2, 4, and 6 ). When the amount of papain was gradually increased, there occurred a gradual diminution of material in the inhibitor bands while the amount of material in the new bands increased commensurately (Fig. 5B, lanes 2, 3, and 4). Papain, which moves cathodically and never enters the gel at pH 8.9, could be visualized in the gel when the electrophoresis was performed with reversed polarity at pH 4.3 (Fig. 5C ). At this pH the various proteins all possessed a positive charge. Gels developed with the inhibitor mixed with papain in excess here gave rise to a new component which we interpreted as the complex between the two interacting components (Fig. 5C, lanes   2, 3, and 4) . In contrast to the complex formed at pH 8.9, the pH 4.3 complex was able to penetrate the gel matrix. The pore sizes were similar in the two cases since both gels contained 7% polyacrylamide with identical amounts of crosslinking. It is therefore reasonable to believe that the two complexes were of different molecular size, that the complex formed under acidic conditions was smaller in diameter than that formed at pH 8.9. Since the inhibitor, as determined by gel permeation chromatography under acidic condition, has a mol wt close to 80,000, it is tempting to assume that the complex with a 1:4 ratio represents a conglomerate with a mol wt in the vicinity of 170,000.
That weakly alkaline conditions may give rise to structures of higher mol wt was demonstrated by electrophoresis of the native inhibitor at pH 8.4 in a Tris-borate buffer in a polyacrylamide concentration gradient gel (4-30% polyacrylamide). Two protein bands having mol wt in the range of 320,000 to 350,000 were evident (data not shown). It thus appeared that the inhibitor occurred in aggregated form at basic pH, and that the aggregates were predominantly tetrameric. Due to limited solubility on the weakly basic region, we were unable to perform gel filtration with these aggregates of the inhibitor or with their papain complexes.
Stability of the Inhibitor. The pH stability of the inhibitor was investigated by exposure to solutions of different pH values ranging from 2.5 to 12 at room temperature for 1 h. Following this exposure the solutions were adjusted to pH 7.0 and the remaining activity against papain assayed by casein digestion. No significant loss in activity was observed in the pH range of 3.5 to 10 (Fig. 6) . Heat stability was investigated in 10 mm Tris-HCI at pH 8.0. No substantial loss of activity occurred by exposure to 60°C for 10 min, while 50% of the activity was lost in 2 min at 80°C.
Our experiments indicate that this sulftydryl proteinase inhibitor from potatoes is a multiheaded inhibitor since the protomer is capable of binding several enzyme molecules. Concerning its biological function we can at this point only speculate. That it may have a protective role against insect attack as has been suggested for plant serine proteinase inhibitors (28) seems unlikely in view of the fact that cysteine proteinases have to our knowledge not been found in the digestive tracts of insects. The observations reported here may suggest that the inhibitor has a function in the control ofendogenous proteolytic enzyme activity since the enzymes it inhibits are plant proteinases and since papain-like enzymes reportedly exist in the potato tuber (22) . Baumgartner and Chrispeels (5) on the other hand, argued on developmental kinetic ground against such a control function for the sulfhydryl proteinase inhibitor of mung bean cotyledons.
